Combining well-established practices from comparative genomics and the emerging opportunities from assembly-based metagenomics can enhance the utility of increasing number of metagenome-assembled genomes (MAGs). Here we used protein clustering to characterize 48 MAGs and 10 cultivars based on their entire gene content, and linked this information to their environmental distribution patterns to better understand the microbial response to the 2010 Deepwater Horizon oil spill in the Gulf of Mexico coastline. Our results suggest that while most oil-associated bacterial populations originated from the ocean, a few actually emerged from the sand rare biosphere. These new findings suggest that there are considerable benefits to employ approaches from comparative genomics to study the whole content of newly identified genomes, and the investigation of emerging patterns in the environmental context can augment the efficacy of assembly-based metagenomic surveys.
During the last two decades, the genomic content of more than 40,000 microbial isolates have been characterized and used to study the microbial gene pool, adaptation, and evolution [1, 2, 3, 4, 5] . Although cultivation-based methods have paved the way for the emergence of powerful comparative genomics approaches, comprehensive understandings of microbial distribution patterns and niche boundaries remained hard to achieve due to well-understood limitations of cultivation.
A complimentary solution emerges from assembly-based metagenomics, where both the genomic content, and the relative distribution of naturally occurring microbial populations can be recovered [6, 7] . To explore microbial systems using metagenomeassembled genomes (MAGs), researchers often rely on functional annotations, phylogenetically informative conserved gene families, or distribution patterns to identify metabolic potentials [8] , evolutionary relatedness [9, 10] , or co-occurrence of genomic collections [11] . Despite their efficacy, these approaches disregard the signal from genes that are not yet characterized, but may be critical for niche adaptation [12] .
Characterizing often-novel MAGs by taking their entire gene content into consideration, in conjunction with their distribution recovered from metagenomic data could compliment current practices, and provide additional insights into the ecology of microbial ecosystems. Here we investigated MAGs and cultivar genomes associated with the 2010 Deepwater Horizon (DWH) oil spill to improve our understanding regarding the origin of oil-associated microbial populations using protein clusters (PCs), and their environmental distribution patterns.
The shotgun metagenomic dataset we studied contained 16 samples collected by Rodriguez-R et al. [13] from Pensacola Beach (Florida) (1) before the oil from DWH began to wash ashore, (2) during the oiling event, (3) and after the removal of oil from the beach. This dataset of 452 million reads was originally analyzed at the contig-level [13] , and our re-analysis had resulted in the recovery of MAGs spanning various taxonomical groups [14] . Of those, 14 MAGs were mostly detected before or after the oiling event, while 34 MAGs and all ten cultivar genomes isolated from the same environment [15] were enriched only in oil-contaminated samples ( Figure  1 ). The distribution patterns across environmental conditions revealed a strong link between the genomes enriched in oil-contaminated samples, and genes coding for urea metabolism [14] . Urea is a dissolved organic nitrogen compound used by marine microbes as a main source of nitrogen (Solomon et al., 2010), which prompted us to suggest that bacterial populations enriched in the Gulf of Mexico coastline during DWH originated from the ocean rather than emerging from the sand rare biosphere [14] .
To revisit these findings, here we used 176,024 genes identified in the 48 MAGs and 10 cultivar genomes, and clustered them into 14,991 non-singleton protein clusters (PCs) (see Supplementary Methods). We then (1) clustered PCs based on their occurrence patterns across genomes, (2) organized genomes based on PCs they harbor, and (3) created a holistic display that conveys the distribution patterns of genomes in the environment (Figure 1 ). Five groups emerged from the organization of genomes based on the PCs they shared. Groups I-II, and IV were mostly enriched during oiling, and contained 32 MAGs and all 10 cultivar genomes. In contrast, most of the 16 MAGs in groups III and V were detected only before or after oiling.
26% of the 12,983 functions we identified distributed differentially between the five groups (p ¡ 0.05; Figure 1 ). We incorporated a subset of these functions into our display to highlight the biological relevance of groups (Figure 1) . Among them, genes coding for urea metabolism were widespread in groups I-II, and IV but missing in groups III and V, providing a stronger partitioning of urea metabolism by PCs compared to distribution patterns alone (Figure 1 ). Groups I-II-IV were also enriched with genes coding for TRAP transporters (specialized in the uptake of organic acids), glutathione reductase and glutathione S-transpherase (oxidative stress and detoxification), revealing distinct nutrient acquisition and stress response strategies compared to groups III and V (Figure 1 ). Furthermore, genes coding for flagellar biosynthesis and twitching mobility were widespread in all groups except group III. Instead, group III was enriched in genes involved in gliding motility, providing a means to travel in environments with low water content ( [16] ). Figure 1 Clustering of 58 microbial genomes identified from the Gulf of Mexico coastline based on 14,991 protein clusters (PCs). Each radial layer represents a genome, and each bar in a layer represents the occurrence of a PC. The organization of genomes is defined by the shared PCs (the second tree on the right-top). In addition, general features, environmental distribution patterns, and a selection of differentially occurring functions are displayed for each genome. A high-resolution copy of this image is temporarily hosted here.
The overall coherence between the partitioning of genomes based on shared PCs, and their functional potential and distribution patterns, supports the hypothesis of a distinct origin for oil-associated microbes (Figure 1 ). This holistic strategy elucidates which bacterial populations likely originated from the ocean (groups I-II, and IV), and separates them from the native sand bacterial populations (groups III and V). Interestingly, groups associated with the sand ecosystem include genomes undetected before the oiling event, revealing a previously overlooked finding that some oil-associated populations emerged from the sand rare biosphere.
PCs also show improvement over taxonomy. For instance, eight Thioalkalivibrio genomes in the dataset occurred in four of the five genomic groups, reminding that co-existing microbial populations sharing the same taxonomical affiliation can strongly diverge functionally and may not necessarily originate from the same ecosystem. In another example, all three Flavobacteriales MAGs clustered in group III, yet one of them was oil-associated while the two other occurred mostly before the perturbation, suggesting an oil-triggered shift in the relative distribution of Flavobacteriales MAGs, possibly within the same niche.
In summary, combining comparative genomics, environmental distribution patterns, and functional potential of genomes in a single context allowed us to achieve a more detailed depiction of the ecology of microbes in an oil-challenged environment by enhancing the utility of MAGs. This approach revealed co-occurring microbial populations that originate from distinct ecosystems, and differentially occurring microbial populations that share the same one. Our findings also showed that although most of the oil-degrading microorganisms in Pensacola Beach originated from the marine environment, some others likely emerged from the sand rare biosphere. These new findings demonstrate the benefits of studying the whole content of newly identified MAGs, and investigating emerging patterns in the environmental context.
